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Abstract
We discuss the possibility of using the observables deduced from the angular dis-
tribution of the B → D(∗)`ν¯ decays to test the effects of lepton flavor universality
violation (LFUV). We show that the measurement of even a subset of these ob-
servables could be very helpful in distinguishing the Lorentz structure of the New
Physics contributions to these decays. To do so we use the low energy effective the-
ory in which besides the Standard Model contribution we add all possible Lorentz
structures with the couplings (Wilson coefficients) that are determined by matching
theory with the measured ratios R(D(∗))exp. We argue that even in the situation in
which the measured R(D(∗))exp becomes fully compatible with the Standard Model,
one can still have significant New Physics contributions the size of which could be
probed by measuring the observables discussed in this paper and comparing them
with their Standard Model predictions.
PACS: 13.20.He, 12.60.-i, 12.38.Qk
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1 Introduction
Ever since the BaBar Collaboration reported on the first experimental indication of the
lepton flavor universality violation (LFUV) in B-meson decays, after measuring the ra-
tios [1, 2]
R(D(∗)) =
B(B → D(∗)τ ν¯)
B(B → D(∗)lν¯)
∣∣∣∣
l∈{e,µ}
, (1)
we witnessed an intense activity in trying to understand why R(D(∗))
SM
< R(D(∗))
exp
,
where SM stands for the theoretically established value in the Standard Model. Since
then, the experimentalists at Belle and LHCb corroborated the tendency that indeed
R(D(∗))
SM
< R(D(∗))
exp
[3–6], while the theorists worked on scrutinizing the theoreti-
cal uncertainties within the SM [7–10] and proposed various models of New Physics (NP)
that could accommodate the observed discrepancies [11–42]. The current values, including
the most recent Belle result [43], are [44]:
R(D)exp = 0.33(3) , R(D)SM = 0.299(3) , (2)
R(D∗)exp = 0.30(2) , R(D∗)SM = 0.258(5) , (3)
which amounts to a combined 3.1σ disagreement between the measurements and the SM
predictions. Measuring the ratios of similar decay rates is convenient because they are in-
dependent on the Cabibbo–Kobayashi-Maskawa (CKM) matrix element |Vcb|, and because
of the cancellation of a significant amount of hadronic uncertainties. One should, however,
be careful in assessing the uncertainties regarding the remaining non-perturbative QCD
effects, especially in the case of B → D∗`ν¯` (` = e, µ, τ) for which the information con-
cerning the shapes of hadronic form factors has never been deduced from the results based
on numerical simulations of QCD on the lattice. 1 In the case of B → D`ν¯`, instead, both
the vector and scalar form factors have been computed on the lattice at several different
q2 = (p` + pν¯`)
2 values [47–49]. Moreover, the theoretical studies reported in Ref. [50, 51]
suggest that the soft photon radiation B → D`ν¯`γ could be an important source of uncer-
tainty in R(D)SM, unaccounted for thus far. Further research in this direction is necessary
and the associated theoretical uncertainty should be included in the overall error budget
before the 5σ (or larger) discrepancy between theory (SM) and experiment is claimed.
Notice also that the LHCb Collaboration recently made another LFUV test based on
b→ c`ν¯`. They reported [52]
R(J/ψ) =
B(Bc → J/ψτ ν¯)
B(Bc → J/ψµν¯) = 0.71± 0.25 , (4)
1Very recently the MILC collaboration presented preliminary results for the shapes of the B → D∗
form factors [45,46]. Numerical results, that could be used for phenomenology, are yet to be reported.
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again about 2σ larger than predicted in the SM, R(J/ψ)SM < R(J/ψ)exp.
The above-mentioned experimental indications of LFUV have motivated many theorists
to propose a scenario beyond the SM which could accommodate the measured values
of R(D(∗)) and R(J/ψ). In terms of a general low energy effective theory, which will
be described in the next Section, the NP effects can show up at low energies through
an enhancement of the contribution arising from either the (axial-)vector current-current
operators, the (pseudo-)scalar operators, the tensor one, or from a combination of those [53–
61]. Another important aspect in describing the LFUV effects in most of the models
proposed so far is the assumption that the NP couplings involving τ are the source of
LFUV, whereas those related to l = e, µ are much smaller and can be neglected. A
rationale for that assumption is that the LFUV effects have not been observed in other
semileptonic decay modes (which involve lighter mesons and light leptons). In addition to
that, the results of a detailed angular analysis of B → D(∗)lν¯l [l ∈ (e, µ)] by BaBar and by
Belle were found to be fully consistent with the SM predictions. We will follow the same
practice in this paper and assume that the deviations from the lepton flavor universality
arise from the NP couplings to the third generation of leptons. We will formulate a general
effective theory scenario for b → c`ν¯` decays by adding all operators allowed by the CP
and the Lorentz symmetries. In doing so we will not account for a possibility of the light
right-handed neutrinos. Such models have been already proposed, but the problem they
often encounter is that the NP amplitude does not interfere with the (dominant) SM one,
and therefore getting R(D(∗)) > R(D(∗))SM compatible with R(D(∗))exp requires large NP
couplings which could be in conflict with the bounds on these couplings that could be
deduced from direct searches at the LHC.
Starting from the general effective theory we will provide the expressions for the full
angular distribution of both decay processes, and then combine the coefficients involving
the NP couplings in a number of observables. Some of these observables could be studied
at the LHC, but most of them could be tested at Belle II. It is therefore reasonable to
explore the possibilities of testing the effects of LFUV not only via the ratios of branching
fractions [such as R(D(∗))], but also by using the ratios of these newly defined observables.
Since various observables are sensitive to different NP operators, we will argue that the
experimental analysis of the ratios we propose to study could indeed help disentangling the
basic features of NP. We will then also provide a phenomenological analysis to illustrate
our claim.
Before we embark on the details of this work we should emphasize that for the phe-
nomenological analysis we need a full set of form factors (including the scalar, pseudoscalar
and the tensor ones) computed by means of lattice QCD, which is not the case right now.
A dedicated lattice computation of all the form factors relevant to B → D(∗)`ν¯` is of great
importance for a reliable assessment of LFUV. Since we have to make (reasonable) as-
sumptions about the form factors, our phenomenological results should be understood as
a diagnostic tool to distinguish among various Lorentz structures of the NP contributions,
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while the accurate analysis will be possible only when the lattice QCD results become
available.
The remainder of this paper is organized as follows: In Sec. 2 we provide the full
angular distributions for both types of decays considered in this paper, and define all the
observables which can be used to better test the effects of LFUV in these decays. In Sec. 3
we make the sensitivity study of the observables defined in Sec. 2 to the effects of LFUV,
solely based on the deviations of the measured R(D(∗)) with respect to the SM predictions.
We also made a short comment on the recently measured FD
∗
L . We finally summarize in
Sec. 4. Several definitions and technical details are collected in the Appendices.
2 Full angular distributions of B→D(∗)`ν
In this Section we define the effective Hamiltonian for a generic NP scenario and then derive
the expressions for the full angular distribution of the differential decay rate of B → D`ν¯`,
and of B → D∗(→ Dpi)`ν¯`. All angular coefficients will be expressed in terms of helicity
amplitudes which are properly defined in terms of kinematical variables and hadronic form
factors. For the reader’s convenience the decomposition of all the matrix elements in terms
of form factors is provided in Appendix A of the present paper. With explicit expressions
for the angular coefficients in hands, we will then proceed and define a set of observables
that can be used to study the effects of LFUV.
2.1 Effective Hamiltonian
Assuming the neutrinos to be left-handed, the most general effective Hamiltonian describ-
ing the b→ c`ν` decays, containing all possible parity-conserving four-fermion dimension-6
operators, can be written as
Heff =
√
2GFVcb
[
(1 + gV )(cγµb)(`Lγ
µνL) + (−1 + gA)(cγµγ5b)(`LγµνL)
+ gS(cb)(`RνL) + gP (cγ5b)(`RνL)
+ gT (cσµνb)(`Rσ
µννL) + gT5(cσµνγ5b)(`Rσ
µννL)
]
+ h.c.
(5)
Note that we use the convention such that in the SM gi = 0, ∀i ∈ {S, P, V,A, T, T5}.
It is often more convenient to write the above Hamiltonian in the chiral basis of oper-
ators,
Heff = 4GF√
2
Vcb
[
(1 + gVL)(cLγµbL)(`Lγ
µνL) + gVR(cRγµbR)(`Lγ
µνL)
+ gSL(cRbL)(`RνL) + gSR(cLbR)(`RνL)
+ gTL(cRσµνbL)(`Rσ
µννL)
]
+ h.c. ,
(6)
which is obviously equivalent to Eq. (5), with the corresponding effective coefficients related
as
gV,A = gVR ± gVL , gS, P = gSR ± gSL , gT = −gT5 = gTL . (7)
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The last relation is also an easy way to see that (cLσµνbR)(`Rσ
µννL), the right-handed
tensor operator, cannot contribute to the decay amplitude.
2.2 B→D`ν decay
We first focus on the decay to a pseudoscalar meson and write the differential decay rate
as
d2Γ
dq2d cos θ`
=
√
λBD(q2)
64(2pi)3m3B
(
1− m
2
`
q2
)∑
λ`
|Mλ`(B → D`ν)|2 , (8)
where we made use of the definition λBD(q
2) = m4B+m
4
D+q
4−2(m2Bm2D+m2Bq2+m2Dq2). It
is convenient to separate the angular from the q2 dependence and write the above expression
as
d2Γ
dq2d cos θ`
= aθ`(q
2) + bθ`(q
2) cos θ` + cθ`(q
2) cos2 θ` , (9)
where θ` is the polar angle of the lepton momentum in the rest frame of the `ν-pair with
respect to the z axis which is defined by the D-momentum in the rest frame of B. The
corresponding angular coefficients can be written as
aθ`(q
2) =
G2F |Vcb|2
256pi3m3B
q2
√
λBD(q2)
(
1− m
2
`
q2
)2 [
|h˜−0 |2 +
m2`
q2
|h˜t|2
]
, (10a)
bθ`(q
2) =
G2F |Vcb|2
128pi3m3B
q2
√
λBD(q2)
(
1− m
2
`
q2
)2
m2`
q2
Re[h˜+0 h˜∗t ] , (10b)
cθ`(q
2) =− G
2
F |Vcb|2
256pi3m3B
q2
√
λBD(q2)
(
1− m
2
`
q2
)2 [
|h˜−0 |2 −
m2`
q2
|h˜+0 |2
]
, (10c)
where h˜λ`λ are the linear combinations of the “standard” hadronic helicity amplitudes which
are defined and computed in Appendix B of the present paper.
Integration over the polar angle θ` leads to the expression for the differential decay rate,
dΓ
dq2
= 2aθ`(q
2) +
2
3
cθ`(q
2)
=
G2F |Vcb|2
192pi3m3B
q2
√
λBD(q2)
(
1− m
2
`
q2
)2
×
{
|h˜−0 |2 +
m2`
2q2
|h˜+0 |2 +
3
2
m2`
q2
|h˜t|2
}
.
(11)
We see that the linear dependence on cos θ` in Eq. (9) is lost after integration in θ`, but it
can be recovered by considering the forward-backward asymmetry,
AFB(q2) =
∫ 1
0
d2Γ
dq2d cos θ`
d cos θ` −
∫ 0
−1
d2Γ
dq2d cos θ`
d cos θ`
dΓ/dq2
=
bθ`(q
2)
dΓ/dq2
. (12)
4
z (~pD∗)
`
ν
D
pi
χ
θD
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x
y
Figure 1: Kinematics of the B → D∗(→ Dpi)`ν decay.
Another interesting observable for the study of the NP effects is the lepton polarization
asymmetry defined from differential decay rates with definite lepton helicity:
dΓλ`=+1/2
dq2
=
G2F |Vcb|2
192pi3m3B
q2
√
λBD(q2)
(
1− m
2
`
q2
)2
m2`
2q2
[
|h˜+0 |2 + 3|h˜t|2
]
, (13a)
dΓλ`=−1/2
dq2
=
G2F |Vcb|2
192pi3m3B
q2
√
λBD(q2)
(
1− m
2
`
q2
)2
|h˜−0 |2 . (13b)
The corresponding polarization asymmetry reads
Aλ`(q2) =
dΓλ`=−1/2/dq2 − dΓλ`=+1/2/dq2
dΓ/dq2
= 1− 2dΓ
λ`=+1/2/dq2
dΓ/dq2
. (14)
2.3 B→D∗(→Dpi)`ν decay
We now discuss the case of the B¯-meson decaying to the vector meson in the final state.
In this work, for the computation of the helicity amplitudes and differential decay rates,
we define the system of coordinates as depicted in Fig. 1: the z-axis is set along the D∗
momentum in the B rest frame, and the x-axis is chosen in a way that the D momentum
in the D∗ rest frame lies in the x− z plane and has the positive x-component.
The full angular distribution reads,
d5Γ
dq2dm2Dpid cos θDd cos θ`dχ
=
√
λBD∗(q2)
256(2pi)6m3B
(
1− m
2
`
q2
) |pˆD|
mDpi
∑
λ`
∣∣∣∣∑
λD∗
MλD∗ , λ`(B → Dpi`ν`)
∣∣∣∣2 ,
(15)
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where again λBD∗(q
2) = m4B +m
4
D∗ + q
4 − 2(m2Bm2D∗ +m2Bq2 +m2D∗q2), and
|pˆD| =
√
λ(m2Dpi,m
2
D,m
2
pi)
2mDpi
. (16)
After integrating over m2Dpi around the D
∗-resonance, the above distribution becomes
d4Γ
dq2d cos θDd cos θ`dχ
=
9
32pi
{
I1c cos
2 θD + I1s sin
2 θD
+
[
I2c cos
2 θD + I2s sin
2 θD
]
cos 2θ`
+
[
I6c cos
2 θD + I6s sin
2 θD
]
cos θ`
+
[
I3 cos 2χ+ I9 sin 2χ
]
sin2 θ` sin
2 θD
+
[
I4 cosχ+ I8 sinχ
]
sin 2θ` sin 2θD
+
[
I5 cosχ+ I7 sinχ
]
sin θ` sin 2θD
}
,
(17)
where the angular coefficients Ii ≡ Ii(q2) are given by:
I1c = 2N
[
|H˜−0 |2 +
m2`
q2
|H˜+0 |2 + 2
m2`
q2
|H˜t|2
]
, (18a)
I1s =
N
2
[
3
(|H˜−+ |2 + |H˜−− |2)+ m2`q2 (|H˜++ |2 + |H˜+− |2)
]
, (18b)
I2c = 2N
[
−|H˜−0 |2 +
m2`
q2
|H˜+0 |2
]
, (18c)
I2s =
N
2
[
|H˜−+ |2 + |H˜−− |2 −
m2`
q2
(|H˜++ |2 + |H˜+− |2)] , (18d)
I3 = −2N Re
[
H˜−+H˜
−∗
− −
m2`
q2
H˜++H˜
+∗
−
]
= −2Nβ2` Re
[
H+H
∗
− − 4HT,+H∗T,−
]
, (18e)
I4 = N Re
[
(H˜−+ + H˜
−
− )H˜
−∗
0 −
m2`
q2
(H˜++ + H˜
+
− )H˜
+∗
0
]
= Nβ2` Re
[
(H+ +H−)H∗0 − 4(HT,+ +HT,−)H∗T,0
]
,
(18f)
I5 = 2N Re
[
(H˜−+ − H˜−− )H˜−∗0 −
m2`
q2
(H˜++ + H˜
+
− )H˜
∗
t
]
, (18g)
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I6c = 8N
m2`
q2
Re[H˜+0 H˜∗t ] , (18h)
I6s = 2N
(|H˜−+ |2 − |H˜−− |2) , (18i)
I7 = 2N Im
[
(H˜−+ + H˜
−
− )H˜
−∗
0 −
m2`
q2
(H˜++ − H˜+− )H˜∗t
]
, (18j)
I8 = N Im
[
(H˜−+ − H˜−− )H˜−∗0 −
m2`
q2
(H˜++ − H˜+− )H˜+∗0
]
= Nβ2` Im
[
(H+ −H−)H∗0 − 4(HT,+ −HT,−)H∗T,0
]
,
(18k)
I9 = −2N Im
[
H˜−+H˜
−∗
− −
m2`
q2
H˜++H˜
+∗
−
]
= −2Nβ2` Im
[
H+H
∗
− − 4HT,+H∗T,−
]
, (18l)
with
N ≡ N(q2) = B(D∗ → Dpi) G
2
F |Vcb|2
48(2pi)3m3B
q2
√
λBD∗(q2)
(
1− m
2
`
q2
)2
. (19)
The explicit expressions for the hadronic helicity amplitudes Hλ, as well as their linear
combinations H˜λ`λ , are given in Appendix B.
It is now possible to write down three partially integrated decay distributions, integrat-
ing all but one angle at a time.
• θ` distribution :
d2Γ
dq2d cos θ`
= aθ`(q
2) + bθ`(q
2) cos θ` + cθ`(q
2) cos2 θ` ,
aθ`(q
2) =
3
8
(I1c + 2I1s − I2c − 2I2s) ,
bθ`(q
2) =
3
8
(I6c + 2I6s) ,
cθ`(q
2) =
3
4
(I2c + 2I2s) .
(20)
• θD distribution :
d2Γ
dq2d cos θD
= aθD(q
2) + cθD(q
2) cos2 θD ,
aθD(q
2) =
3
8
(3I1s − I2s) ,
cθD(q
2) =
3
8
(3I1c − 3I1s − I2c + I2s) .
(21)
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• χ distribution :
d2Γ
dq2dχ
= aχ(q
2) + ccχ(q
2) cos 2χ+ csχ(q
2) sin 2χ ,
aχ(q
2) =
1
8pi
(3I1c + 6I1s − I2c − 2I2s)
ccχ(q
2) =
1
2pi
I3 ,
csχ(q
2) =
1
2pi
I9 .
(22)
Illustration of the q2-dependence of the above observables, for fixed values of gi’s, is pro-
vided in Fig. 2.
It is interesting to point out that the terms proportional to cos θD, cosχ and sinχ are
absent in the distributions written above. Such terms can arise if a non-zero interference
with the S-wave contribution, B → (Dpi)S`ν, is included in the distribution, as discussed
in Ref. [56].
2.3.1 Observables
From the full angular distribution (17) we isolate various coefficients and combine them
into various quantities normalized to the differential decay rate. In the following we define
12 such quantities with a goal to use them in order to scrutinize the effects of LFUV that
we propose to study. When necessary, before defining an observable, we will indicate how
the corresponding coefficients can be isolated from the full angular distribution.
• Differential decay rate
dΓ
dq2
=
1
4
(3I1c + 6I1s − I2c − 2I2s) , (23)
• Forward-backward asymmetry
AFB(q2) = bθ`(q
2)
dΓ/dq2
=
3
8
(I6c + 2I6s)
dΓ/dq2
, (24)
• Lepton polarization asymmetry
Aλ`(q2) =
dΓλ`=−1/2/dq2 − dΓλ`=+1/2/dq2
dΓ/dq2
, (25)
with
dΓλ`=+1/2
dq2
=
1
4
(I1c + 2I1s + I2c − 6I2s) + In
dΓλ`=−1/2
dq2
=
1
2
(I1c + 2I1s − I2c + 2I2s)− In ,
(26)
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where we introduced an additional coefficient
In = 2N
m2`
q2
|H˜t|2 , (27)
which is not present in Eq. (17) because in the full angular distribution we have
summed over the lepton polarization states.
• D∗ polarization fraction
RL,T (q
2) =
dΓL/dq
2
dΓT/dq2
, (28)
where ΓL and ΓT represent the longitudinal and transverse D
∗ polarization decay
rates,
dΓL
dq2
=
2
3
[
aθD(q
2) + cθD(q
2)
]
=
1
4
(3I1c − I2c) ,
dΓT
dq2
=
4
3
aθD(q
2) =
1
2
(3I1s − I2s) .
(29)
Alternatively, one can define the quantity FD
∗
L which is a measure of the longitudi-
nally polarized D∗’s in the whole ensemble of B → D∗`ν decays, which is related to
RL,T (q
2) as:
FD
∗
L (q
2) =
RL,T (q
2)
1 +RL,T (q2)
=
1
2
3I1c − I2c
3 (I1c + I1s)− I2c − I2s . (30)
FD
∗
L is often referred to as F
D∗
L (q
2) integrated over the available phase space.
• RA,B
RA,B(q
2) =
dΓA/dq
2
dΓB/dq2
, (31)
dΓA
dq2
=
2
3
[
aθ`(q
2)− cθ`(q2)
]
=
1
4
(I1c + 2I1s − 3I2c − 6I2s) ,
dΓB
dq2
=
4
3
[
aθ`(q
2) + cθ`(q
2)
]
=
1
2
(I1c + 2I1s + I2c + 2I2s) =
dΓ
dq2
− dΓA
dq2
.
(32)
• A3 and A9
A3(q
2) =
ccχ(q
2)
dΓ/dq2
=
1
2pi
I3
dΓ/dq2
,
A9(q
2) =
csχ(q
2)
dΓ/dq2
=
1
2pi
I9
dΓ/dq2
.
(33)
9
• A4 and A8
If, from the full angular distribution, we first define the auxiliary quantities:
Φ48(q
2, χ, θ`) =
[∫ 0
−1
−
∫ 1
0
]
d4Γ
dq2dχd cos θ`d cos θD
d cos θD
Φ˜48(q
2, χ) =
[∫ 0
−1
−
∫ 1
0
]
Φ48(q
2, χ, θ`) d cos θ` ,
(34)
then we can extract another two observables as,
A4(q
2) =
[∫ 3pi/2
pi/2
−
∫ pi/2
0
−
∫ 2pi
3pi/2
]
Φ˜48(q
2, χ) dχ
dΓ/dq2
= − 2
pi
I4
dΓ/dq2
.
A8(q
2) =
[∫ pi
0
−
∫ 2pi
pi
]
Φ˜48(q
2, χ) dχ
dΓ/dq2
=
2
pi
I8
dΓ/dq2
.
(35)
• A5 and A7
Similarly, if one first defines the asymmetry of the full angular distribution with
respect to θD, namely,
Φ57(q
2, χ) =
[∫ 0
−1
−
∫ 1
0
]
d3Γ
dq2dχd cos θD
d cos θD , (36)
one can define two additional observables as follows:
A5(q
2) = −
[∫ 3pi/2
pi/2
−
∫ pi/2
0
−
∫ 2pi
3pi/2
]
Φ57(q
2, χ) dχ
dΓ/dq2
= −3
4
I5
dΓ/dq2
,
A7(q
2) =
[∫ pi
0
−
∫ 2pi
pi
]
Φ57(q
2, χ) dχ
dΓ/dq2
= −3
4
I7
dΓ/dq2
.
(37)
• A6s
Finally from the asymmetry with respect to θ`.
Φ6(q
2, θD) =
[∫ 0
−1
−
∫ 1
0
]
d3Γ
dq2d cos θDd cos θ`
d cos θ` , (38)
we can isolate a term proportional to I6s as
A6s(q
2) =
[
7
∫ 1/2
−1/2
−
∫ 1
1/2
−
∫ −1/2
−1
]
Φ6(q
2, θD) d cos θD
dΓ/dq2
= −27
8
I6s
dΓ/dq2
. (39)
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In the above definitions we played with Eq. (17) to isolate each of the angular coefficients
Ii ≡ Ii(q2). Alternatively, with a large enough sample one can fit the full data set to
Eq. (17) and extract each of the coefficients with respect to the full (differential) decay
rate. The SM values of all
〈Ii〉` = 1
Γ(B → D∗`ν¯`) ×
(mB−mD∗ )2∫
m2`
I`i (q
2) dq2 (40)
for each of the leptons in the final state, are given in Tab. 1.
` 〈I1c〉` 〈I1s〉` 〈I2c〉` 〈I2s〉` 〈I3〉` 〈I4〉` 〈I5〉` 〈I6c〉` 〈I6s〉` 〈I7〉` 〈I8〉` 〈I9〉`
e 0.521(2) 0.359(2) -0.520(2) 0.120(1) -0.170(3) -0.304(1) 0.26(1) 0 -0.32(1) 0 0 0
µ 0.524(2) 0.359(2) -0.510(2) 0.119(1) -0.170(3) -0.302(1) 0.26(1) 0.014(1) -0.32(1) 0 0 0
τ 0.56(1) 0.379(4) -0.166(2) 0.064(1) -0.105(1) -0.138(1) 0.299(5) 0.36(2) -0.26(1) 0 0 0
Table 1: Standard Model values of the coefficients appearing in the angular distribution (17),
integrated over the full available phase space, as indicated in Eq. (40). The values are obtained
by using the form factors that are in the text referred to as CLN+HQET.
The example plots of q2-dependent observables for different benchmark values of NP
couplings are depicted in Fig. 2.
2.4 Testing LFUV through angular observables
One can now make the ratios between the above observables with the τ -lepton in the final
state and the same observables extracted from the decay to l [l ∈ (e, µ)]. Of course this
can only be done for the quantities which are nonzero in the SM. For the observables
proportional to I7,8,9, which are zero in the SM, we consider the differences, namely
D(A7,8,9) ≡ 〈Aτ7,8,9〉 −
1
2
(
〈Ae7,8,9〉+ 〈Aµ7,8,9〉
)
. (41)
For all the other observables, defined in Eqs. (12), (14) and (24)–(39), we define the LFUV
observables as:
R(Oi) ≡ 〈O
τ
i 〉
1
2
(〈Oei 〉+ 〈Oµi 〉)
, (42)
where each O`i is integrated over the available phase space. The only exception to this
definition is made in the case of ADFB which we divide by m2` in order to make the effect of
the presence of NP more pronounced. 2 Since most of the observables are written in terms
2In other words, R(ADFB) = 〈AD τFB /m2τ 〉/
(
1/2× 〈ADµFB /m2µ〉+ 1/2× 〈AD eFB /m2e〉
)
.
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Figure 2: AFB, Aλτ observables relevant to B → Dτν and AFB, Aλτ , RL,T , RA,B and A3−9 relevant
to B → D∗τν are displayed for various values of NP couplings and as functions of q2. The width of each
curve comes from the theoretical uncertainties in hadronic form factors and quark masses. The benchmark
gi’s are chosen to be the best fit values, as discussed in the text.
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of the ratios, O`i (q
2) = N `i (q2)/D`i (q2) with N and D being generically a numerator and a
denominator, the integrated quantities are then defined as
〈O`i 〉 =
∫ q2max
m2`
N `i (q2) dq2∫ q2max
m2`
D`i (q2) dq2
. (43)
As it can be seen from the previous subsections, most of the observables are normalized
to the differential decay rate which makes it difficult to monitor a dependence on gV,A,VL 6=
0, since the dependence on these couplings would cancel in these observables. Since in
many specific models it is proposed to accommodate R(D(∗))exp > R(D(∗))SM by switching
on gVL 6= 0, the only departure from the SM value would indeed be in R(D(∗)), while all
the other observables would remain compatible with the SM predictions.
3 Sensitivity to New Physics
To study the sensitivity of the LFUV observables defined in the previous Section on the
non-zero values of gi’s, we determine possible values of gi’s from the fit to the measured
R(D) and R(D∗). To do so we use the publicly available code HEPfit [62] in which the
Bayesian statistical approach is adopted.
Since the hadronic uncertainties are the main source of the theoretical error, we have
to be careful regarding the dependence of observables on the choice of form factors. In
that respect we first used the set of form factors obtained in the constituent quark model
of Ref. [63] which contains all of the form factors needed for this study. The uncertain-
ties of the results obtained by the quark models are, however, unclear and attributing
10% uncertainty to each of the form factors is just an educated guess derived from the
comparison between the predicted and measured decay rates. For that reason the results
obtained by using the quark model form factors could only be considered as qualitative
and the departures from the SM predictions only as indication (diagnostic) of the presence
of LFUV.
Another choice of form factors consists in relying on the experimental analyses of the
angular distribution of B → D∗lν [l ∈ (e, µ)] decays from which the ratios of form factors
can be extracted if one assumes the so called CLN parametrization of the dominant form
factor A1(q
2) [64]. The experimental averages of the corresponding parameters [ρ2, R1(1),
R2(1)] and the information about their correlations is provided by HFLAV [44] and we use
it in this work. 3 As for the remaining form factors we used the expressions derived in
3Notice that the HFLAV results are obtained by using the CLN parametrization which fit well the
data. Recent studies [10] show that the so called BGL parametrization of Ref. [65] should be preferred
because the slopes of the ratios R1,2(w) are not fixed, but left as free parameters. In Ref. [66] it was shown,
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heavy quark effective theory (HQET) [8] in which the leading αs and the leading power
corrections have been included to compute A0/A1, fT/f+, T1,2,3/A1 to each of which we
attribute 10% of error (considerably larger than those quoted in Ref. [8]). Finally, for the
form factors f+ and f0 we use the results obtained in numerical simulations of QCD on
the lattice [68]. We have checked that our final results obtained by using the form factors
computed in the constituent quark model of Ref. [63] are practically indistinguishable from
those obtained with the form factors chosen as explained in this paragraph to which we will
refer as “CLN+HQET+LATT”. Since less assumptions are needed in the error estimate
of the form factors in the latter case, in the following all our results will be obtained by
choosing CLN+HQET+LATT form factors [8, 44,64,68].
We now proceed and allow for one complex valued coefficient gi to be non-zero at
a time, i.e. we add 2 extra parameters (compared to the SM case) in every fit. We
emphasize once again that we assume the NP to affect only the decay modes with τ in the
final state, namely, B → D(∗)τ ν¯τ . The joint probability distribution functions (p.d.f.’s) for
the coefficients gi are therefore obtained by using R(D)
exp and R(D∗)exp as constraint, and
then they are employed to predict all of the LFUV observables discussed in the previous
Section. From the comparison with the SM results we can see which quantity is more
sensitive to the considered gi 6= 0. Notice again that the B → Dτντ observables will be
affected by NP effects in gV,S,T , while gV,A,P,T 6= 0 will modify the B → D∗τντ ones.
3.1 Fit results
In Fig. 3 and 4 we show the allowed regions for the NP couplings gi relevant to the basis (5)
and (6), respectively. We reiterate that the allowed regions for NP couplings are obtained
by letting one (complex valued) coupling gi to be non-zero at a time. Any value of the
gi derived in this way is plausible. We also include the limit derived from the Bc-meson
lifetime as discussed in Refs. [69, 70] which is particularly restrictive to the pseudoscalar
NP contribution gP , as well as in gSL,SR . In this paper we take the conservative limit
B(Bc → τ ν¯) . 30% and use the expression
B(Bc → τ ν¯) = τBc
mBcf
2
Bc
G2F |Vcb|2
8pi
m2τ
(
1− m
2
τ
m2Bc
)2 ∣∣∣∣∣1 + gVL + (gSR − gSL)m2Bcmτ (mb +mc)
∣∣∣∣∣
2
, (44)
where the Bc decay constant fBc = 427(6) MeV has been determined in the lattice QCD
study of Ref. [71].
however, that both parametrizations provide good fit with data. The resulting |Vcb| values, as obtained
from fitting the data to these two parametrizations, were different. Since we are not interested in assessing
the value of |Vcb|, the choice of parametrization is immaterial. Notice, however, that the most recent study
by Belle [67] in which a larger sample of data has been used, showed that (a) the form factor shapes are
fully consistent with the results reported by HFLAV [44], and (b) the values of |Vcb| inferred from the
fits to two parametrizations (CLN and BGL) are consistent with each other, both being lower than |Vcb|
extracted from the inclusive decays.
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Figure 3: The allowed values for the NP couplings in Eq.(5) as obtained from the the fit with R(D)exp and
R(D∗)exp, and by switching one coupling gi at the time. Red stars denote the best fit values. Regarding
the form factors we used those to which we refer in the text as CLN+HQET+LATT.
The benchmark values, denoted by red stars in Figs. 3-4, correspond to the best fit
values. We get
gV = 0.20 + i 0.19 , gA = 0.69 + i 1.04 ,
gS = 0.17 + i 0.16 , gP = 0.58 + i 0.21 , gT − gT5 = 0.21− i 0.35 , (45)
and in terms of couplings introduced in Eq. (6) we find
gVL = 0.07− i 0.16 , gVR = −0.01− i 0.39 ,
gSL = −0.29− i 0.67 , gSR = 0.19 + i 0.08 , gTL = 0.11− i 0.18 . (46)
In Fig. 2 we show the q2-dependence of each observable relevant to B¯ → D∗τ ν¯ discussed
in the previous Section, both in the SM and with gi given in Eq. (45).
After integrating over q2’s as described in Eq. (43), and by sweeping over the entire
range of gi allowed by R(D)
exp and R(D∗)exp, we obtain the results listed in Tab. 2 and
Tab. 3. The results are presented along with the SM ones in order to make a comparison
simpler. Notice that the SM values we obtain are fully compatible with those quoted in
Eq. (2), obtained by HFLAV, even though the central values are slightly different owing to
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Figure 4: Same as in Fig. 3 but for the NP couplings appearing in Eq.(6).
our choice of form factors. For each gi we then compute R(D) and R(D
∗), which are now
obviously compatible with experimental values, and the full list of the LFUV observables
discussed in the previous Section. For the observables showing gaussian shapes we quote
the mean values with the corresponding standard deviations. Some of the observables,
however, are hardly gaussian for the reasons explained below. For such observables in
Tabs. 2 and 3 we present the interval of values within 2σ. The interested reader can also
find in the tables of Appendix E the predictions for all the LFUV observables obtained
assuming for the benchmark values for the NP couplings given in Eqs. (45,46).
Let us now comment on the results we obtain, starting from the ones shown in Tab. 2.
• gV : Assuming NP affecting only the vector current, the constraints arising from
R(D)exp and R(D∗)exp are such that either no or very small deviation of the LFUV
observables with respect to their SM values is predicted. The only exception is R(A3)
which, for allowed gV 6= 0, becomes lower than its SM counterpart.
Notice that for several observables we give only the intervals due to their non-gaussian
behaviour. They can be divided into two classes: those only sensitive toRe(gV ), such
as R(AD
∗
FB), R(A5) and R(A6), and those only sensitive to Im(gV ), namely D(A7),
D(A8) and D(A9). Let us focus on one observable from the first class, say R(A5).
As stated above, its value would be indistinguishable from the SM for gV purely
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R(A5) R(A5)
Figure 5: Left panel: predicted p.d.f. for the observable R(A5), assuming a complex gV . Right panel:
predicted p.d.f. for the observable R(A5), assuming that gV is equal to the best fit value reported in
Eq. (45).
imaginary. From the plot shown in the first panel of Fig. 3 it is apparent that there
are 2 distinct allowed solutions for Re(gV ) when Im(gV ) = 0, and therefore there
are 2 distinct predictions of R(A5). After sweeping through various Im(gV ) we fill
up the gap between the two distinct real solutions in the case of Im(gV ) = 0, hence
producing the anticipated non-gaussian prediction for R(A5), shown in the left panel
of Fig. 5.
At first sight, given the broad range of predicted values, this observable might not
seem of particular use. However, a careful reader will realize that a given value of gV
will correspond to a point (and not a disk) in the plane depicted in the first panel of
Fig. 3. Therefore, for a given value of Re(gV ), one gets a very sharp prediction for
R(A5) as shown in the right panel of Fig. 5, where we assumed that gV is equal to
its best fit value reported in Eq. (45). Conversely, the measurement of R(A5) would
produce a sharp bound on the real part of gV , corresponding to a vertical stripe in the
Re(gV )-Im(gV ) plane that intersected with the disk produced by the measurements
of R(D) and R(D∗), therefore severely reducing the allowed region for that coupling.
As stated above, a similar reasoning can be performed for R(AD
∗
FB), R(A6), D(A7),
D(A8) and D(A9), hence making all these observable extremely interesting.
• gA: If NP appears only in the axial current, only the B → D∗τντ channel is affected.
Similarly to the previous scenario the obtained bounds are such that no apprecia-
ble difference is observed in the observables R(AD
∗
λ`
), R(RL,T ), R(RA,B), R(A3) and
R(A4). On the other hand, analogously to the gV scenario, for R(A
D∗
FB), R(A5),
R(A6), D(A7), D(A8) and D(A9) we get broad ranges of values, with the LFUV
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ratios affected by Re(gA) and the LFUV differences by Im(gA). Like in the vector
scenario, the measurement of these observables would highly constrain the allowed
region for gA.
• gS: If the NP effects come with the contribution arising solely from the scalar opera-
tor, then only B → Dτντ would be affected. In particular, R(ADλ`) is sensibly shifted
compared to the SM prediction, while R(ADFB) displays once again a broad predic-
tion, due to its sensitivity to Re(gS). Therefore, its measurement would provide the
strongest bound on gS.
• gP : In contrast to the previous case, the NP giving a nonzero contribution to a term
proportional to the pseudoscalar current would result in the changes in the B →
D∗τντ channel only. The unaffected observables by this choice would be R(RA,B),
D(A8) and D(A9). On the other hand, R(A
D∗
λ`
), R(RL,T ), R(A3), R(A4) and R(A6)
are all predicted with good precision, and sensibly different from the values predicted
in the SM. Moreover, we again obtain broad ranges for R(AD
∗
FB), R(A5) and D(A7),
with Re(gP ) affecting the LFUV ratios, while Im(gP ) 6= 0 would particularly affect
the LFUV differences.
• gT : If the NP effects give a nonzero contribution to the term proportional to the
tensor current then both channels are affected. Furthermore, all the LFUV ratios are
predicted with fairly good precision and with sensible discrepancies when compared
with the SM predictions. Regarding the LFUV differences, D(A7) is the only one
mildly affected by gT 6= 0, even if perfectly compatible with the SM prediction, while
the remaining ones are both unaffected by this kind of NP.
Similar observations can be obtained analyzing the results from Tab. 3, where we have
not listed the results relative to gTL since they are the same as the ones obtained for gT ,
owing to Eq.(7).
• gVL : If the effects come with the left-handed vector current alone then the present
experimental bounds are such that no sensible deviation can be appreciated in any
of the LFUV quantities defined above.
• gVR : In contrast to the previous case, if the coupling to the right-handed vector
current is preferred then some LFUV observables in the B → D∗τντ channel exhibit
a sensitivity to its effects, namely R(AD
∗
FB), R(A5), R(A6), D(A7), D(A8) and D(A9).
Moreover, given that the LFUV differences depend on Im(gVR) and that, as can be
observed from the second panel of Fig. 4, the fit allows for two distinct solutions
for Im(gVR), we obtain two separate predicted regions for each of these observables.
Notice that the range of allowed gVR is far more restricted by the data which is
expected on the basis of the SM gauge invariance.
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• gSL and gSR : Assuming NP effects in the scalar current, we obtain both in the
left-handed and in the right-handed cases a similar outcome: three observables are
unaffected, namely R(RA,B), D(A8) and D(A9), while R(A
D
λ`
) is found to be sensibly
different with respect to its SM value. All the remaining observables display broad
prediction ranges, once again with the real (imaginary) part affecting the LFUV
ratios (differences).
To further explore the possibilities of using the angular observables as tests for LFUV
we performed an extra test, motivated by the following observation: as can be seen from
Eq. (23), only a small subset of the angular coefficients defined at Eq. (18) appear in
the definition of the decay rate and hence of R(D∗), i.e. I1c,1s and I2c,2s. Therefore,
the measurement of the branching fraction can constrain only a part of the coefficients
appearing in the full angular distribution defined in Eq. (17), with the remaining ones still
potentially affected by the NP effects. In order to test such effects we performed a new set
of fits where we assumed that R(D) and R(D∗) would be measured with a central value
equal to the SM predictions with a 10% error. The allowed regions for the couplings are
found to be similar to the ones shown in Figs. 3 and 4, even if reduced in size and thickness.
Therefore, the LFUV observables that were previously showing a broad prediction due to
their non-trivial interplay with the real and the imaginary parts of the NP couplings will
continue to display such a behavior. In other words, even if R(D) and R(D∗) are measured
to agree with the SM predictions, there are 7 angular observables that might still display a
behavior unambiguously related to NP effects: four LFUV ratios [R(AD,D
∗
FB ), R(A5,6)], and
three LFUV differences [D(A7,8,9)].
All of the above observations show the impact that the measurement of even a small
subset of the observables presented in Sec. 2.4 would have on our understanding of the
NP contribution to the b → c transitions. In particular, the measurement of any of the
observables between R(AD,D
∗
FB ), R(A5,6) and D(A7,8,9) would be of great interest, given their
twofold power: they would help deciphering the Lorentz structure of the NP contributions,
and they would severely constrain the presently allowed region for the NP couplings. We
emphasize once again that a measurement of these observables would be of great interest
even in the case of R(D) and R(D∗) being fully compatible with their SM values.
3.2 Comment of FD
∗
L
Very recently the Belle Collaboration presented the results of their first study of the fraction
of the longitudinally polarized D∗’s in their full sample of B → D(∗)τ ν¯ and found FD∗L =
0.60(9) [72], where we combined the experimental errors in quadrature. That value turns
out to be less than 2σ larger than predicted in the SM, which we find to be (FD
∗
L )
SM =
0.47(2). As it can be seen in the last line of Tabs. 2 and 3, it is very difficult to make
the value of FD
∗
L > (F
D∗
L )
SM. Only a marginal enhancement is allowed by switching on
gSL,SR,P while all the other non-zero NP coefficients would make F
D∗
L < (F
D∗
L )
SM. We hope
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this quantity will be further scrutinized by the other experimental groups and its precision
will be improved to the point that it can play an important role in discriminating among
various models.
Since we consistently assume that NP arises from coupling to τ , measuring this quantity
in the case of µ or e in the final state would be a very helpful check of our assumption.
In other words, if our assumption is right then the measured FD
∗
L (µ, e) should be equal to(
FD
∗
L (µ, e)
)SM
= 0.52(1).
4 Summary
In this paper we discussed a possibility of using a set of observables that can be extracted
from the angular distribution of the B → D(∗)`ν¯ decays in order to study the effects of
LFUV. In particular, we define 3 such observables that can be obtained from the angular
distribution of the B → D`ν¯ decay, and 12 from B → D∗`ν¯.
NP contribution to B → D(∗)τ ν¯ can be parametrized by the couplings gVL,VR,SL,SR,TL
(defined in the text), the values of which can be constrained by the experimentally mea-
sured R(D(∗)), found to be larger than its SM prediction. We explored the possibility of
feeding R(D(∗))
exp−R(D(∗))SM by turning on one coupling at the time and found that the
measurement even of a subset of observables can indeed help disentangling among various
possibilities. In other words, their measurement can considerably help in constraining the
complex valued couplings gi’s and thereby help us understanding the Lorentz structure of
the NP contribution(s). For that purpose, like in the case of R(D(∗)) we point out that
for the observables for which the SM prediction is non-zero it is convenient to consider
the ratios between the value extracted from the B → D(∗)τ ν¯ mode and the one extracted
from B → D(∗)lν¯ with l ∈ (e, µ). Instead, for the quantities which are zero in the SM we
consider the differences.
Since many of the proposed observables provide information of the NP couplings that
cannot be accessed through the measurement of the branching fraction, we show that even
in the case in which R(D(∗))
exp
= R(D(∗))
SM
one can still have non-zero NP couplings
which can be checked by measuring the ratios/differences of the observables deduced from
the angular distributions of the considered decay modes.
Even though the observables discussed in this paper are most interesting in the case
of τ -lepton in the final state, their experimental measurements in the case of e and/or µ
in the final state are very important too. They would help us checking on the assumption
that is mostly made in the literature, namely that he NP affects only the couplings to τ
and not to e or µ. In that case the measurements would coincide with the SM predictions.
Furthermore, in some models of NP the coupling to µ can be large whereas the one
to the electron negligibly small [73]. In that situation it is very important to check also
on the ratios of the observables discussed here in the case of B → D(∗)µν¯ with respect to
those measured in the case of B → D(∗)eν¯.
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Finally, in order to make this study quantitatively sound, beside the experimental input,
one also needs the lattice QCD information concerning the shapes of hadronic form factors
relevant to the B → D∗`ν¯ decay, which are still missing.
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A Form factors
The hadronic matrix element are parametrized as follows:
〈D(k)|cγµb|B(p)〉 =
[
(p+ k)µ − m
2
B −m2D
q2
qµ
]
f+(q
2) + qµ
m2B −m2D
q2
f0(q
2) , (47)
〈D(k)|cb|B(p)〉 = 1
mb −mc q
µ〈D(k)|cγµb|B(p)〉 = m
2
B −m2D
mb −mc f0(q
2) ,
〈D(k)|cγ5b|B(p)〉 =0 ,
(48)
〈D(k)|cσµνb|B(p)〉 =− i (pµkν − kµpν) 2fT (q
2)
mB +mD
,
〈D(k)|cσµνγ5b|B(p)〉 =− i
2
µναβ〈D(k)|cσαβb|B(p)〉 = −µναβpαkβ 2fT (q
2)
mB +mD
.
(49)
〈D∗(k, ε)|cγµb|B(p)〉 =− iµναβε∗νpαkβ 2V (q
2)
mB +mD∗
,
〈D∗(k, ε)|cγµγ5b|B(p)〉 =ε∗µ(mB +mD∗)A1(q2)− (p+ k)µ(ε∗q)
A2(q
2)
mB +mD∗
− qµ(ε∗q)2mD∗
q2
[
A3(q
2)− A0(q2)
]
,
(50)
with
A3(q
2) =
mB +mD∗
2mD∗
A1(q
2)− mB −mD∗
2mD∗
A2(q
2) , (51)
〈D∗(k, ε)|cb|B(p)〉 =0 ,
〈D∗(k, ε)|cγ5b|B(p)〉 =− 1
mb +mc
qµ〈D∗(k, ε)|cγµγ5b|B(p)〉
=− (ε∗q) 2mD∗
mb +mc
A0(q
2) ,
(52)
The tensor contribution can be parametrized as
〈D∗(k, ε)|cσµνb|B(p)〉 =µναβ
[
ε∗α(p+ k)βg+(q2) + ε∗αqβg−(q2)
+(ε∗q)pαkβg0(q2)
]
,
〈D∗(k, ε)|cσµνγ5b|B(p)〉 =− i
2
µναβ〈D∗(k, ε)|cσαβb|B(p)〉
=i
{[
ε∗µ(p+ k)ν − (p+ k)µε∗ν
]
g+(q
2)
+
[
ε∗µqν − qµε∗ν
]
g−(q2) + (ε∗q) [pµkν − kµpν ] g0(q2)
}
,
(53)
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where g±,0 can be related to the “standard” T1−3 form factors as
g+(q
2) =− T1(q2) ,
g−(q2) =
m2B −m2D∗
q2
[T1(q
2)− T2(q2)] ,
g0(q
2) =
2
q2
[
T1(q
2)− T2(q2)− q
2
m2B −m2D∗
T3(q
2)
]
.
(54)
The additional form factors commonly used in the literature are defined as
A12(q
2) =
1
16mBm2D∗
[
(m2B −m2D∗ − q2)(mB +mD∗)A1(q2)−
λBD∗(q
2)
mB +mD∗
A2(q
2)
]
,
T23(q
2) =
1
8mBm2D∗
[
(m2B + 3m
2
D∗ − q2)(mB +mD∗)T2(q2)−
λBD∗(q
2)
mB −mD∗ T3(q
2)
]
.
(55)
In order to cancel the divergence at q2 = 0, the following conditions must be imposed
f+(0) = f0(0) , A0(0) = A3(0) , T1(0) = T2(0) , A12(0) =
m2B −m2D∗
8mBmD∗
A3(0) . (56)
In this work we use the convention 0123 = 1 (or equivalently 
0123 = −1). Note that for
the alternative convention, 0123 = −1, the pseudo-tensor matrix elements in Eqs.(49),(53)
change the sign since σµνγ5 = −sgn[0123](i/2)µναβσαβ.
B Helicity amplitude formalism
Using the property of the off-shell vector boson V ∗ polarization vectors,∑
λ
η∗µ(λ)ην(λ)δλ = gµν , δ0,± = −δt = −1 , (57)
one can write the B →MV ∗ →M`ν (M = D,D∗) amplitudes of general vector and tensor
currents as
MλM , λ`V (A) ∝ 〈M(λM)|Jµhad|B〉〈`(λ`)ν|Jlep, µ|0〉
=
∑
λ
η∗µ(λ)〈M(λM)|Jµhad|B〉 ην(λ)〈`(λ`)ν|Jνlep|0〉δλ
=
∑
λ
δλH
λM
V (A), λL
λ`
V−A, λ ,
MλM , λ`T (T5) ∝〈M(λM)|Jµνhad|B〉〈`(λ`)ν|Jlep, µν |0〉
=
∑
λ,λ′
iη∗µ(λ)η
∗
ν(λ
′)〈M(λM)|Jµνhad|B〉 (−i)ηα(λ)ηβ(λ′)〈`(λ`)ν|Jαβlep |0〉δλδλ′
=
∑
λ,λ′
δλδλ′H
λM
T (T5), λλ′L
λ`
T−T5, λλ′ ,
(58)
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whereH and L denote the leptonic and hadronic helicity amplitudes defined in Eqs. (63),(67).
The ±i factors in MT (T5) are introduced for convenience, in order to make all hadronic
B →MV ∗ and leptonic amplitudes real if gi ∈ R and when χ→ 0 (cf. Fig. 1). The scalar
amplitude is simply defined as
Mλ`S(P ) ∝ 〈M(λM = 0)|Jhad|B〉〈`(λ`)ν|Jlep|0〉 = HS(P )Lλ`S−P . (59)
Here λM and λ
(′) denote the meson and the virtual boson helicities in the B reference
frame. The lepton helicity λ` is defined in the `ν rest frame.
For the four-body final state B → D∗V ∗ → Dpi`ν decay the total amplitude has the
form
MλM , λ`X ∝ 〈Dpi|D∗(λD∗)〉〈D∗(λD∗)|JXhad|B〉〈`(λ`)ν|Jlep,X|0〉BWD∗ , (60)
where the propagation of the intermediate resonant state is parametrized by the Breit-
Wigner function,
BWD∗(m
2
Dpi) =
1
m2Dpi −m2D∗ + imD∗ΓD∗
. (61)
Since the width of D∗ is very small, one can use the narrow width approximation,
1
(m2Dpi −m2D∗)2 +m2D∗Γ2D∗
ΓD∗mD∗−−−−−−→ pi
mD∗ΓD∗
δ(m2Dpi −m2D∗) , (62)
and integrate out the mDpi dependence in the phase space.
B.1 Leptonic amplitudes
The leptonic amplitudes are defined as
Lλ`V−A, λ(q
2, χ, θ`) = ηµ(λ)〈`(λ`)ν|`γµ(1− γ5)ν|0〉 ,
Lλ`S−P (q
2, χ, θ`) = 〈`(λ`)ν|`(1− γ5)ν|0〉 ,
Lλ`T−T5, λλ′(q
2, χ, θ`) = −Lλ`T−T5, λ′λ = −iηµ(λ)ην(λ′)〈`(λ`)ν|`σµν(1− γ5)ν|0〉 .
(63)
Using the polarization vectors and Dirac spinors, given in the Appendix C, and gamma-
matrices in the Weyl (chiral) representation, one can obtain the explicit formulas for the
vector type amplitudes:
L+V−A,+(q
2, χ, θ`) = ±
√
2m`β` sin θ` e
−2iχ ,
L+V−A,−(q
2, χ, θ`) = ±
√
2m`β` sin θ` ,
L+V−A, 0(q
2, χ, θ`) = 2m`β` cos θ` e
−iχ ,
L+V−A, t(q
2, χ, θ`) = −2m`β` e−iχ ,
L−V−A,±(q
2, χ, θ`) =
√
2q2β`(1± cos θ`) e∓iχ ,
L−V−A, 0(q
2, χ, θ`) = −2
√
q2β` sin θ` ,
L−V−A, t(q
2, χ, θ`) = 0 ,
(64)
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with β` =
√
1−m2`/q2. Expressions for the scalar leptonic amplitudes read
L+S−P (q
2, χ, θ`) = −2
√
q2β` e
−iχ ,
L−S−P (q
2, χ, θ`) = 0 .
(65)
Finally, the tensor type amplitudes are given by
L+T−T5,+0(q
2, χ, θ`) =
√
2q2β` sin θ` e
−2iχ ,
L+T−T5,−0(q
2, χ, θ`) =
√
2q2β` sin θ` ,
L+T−T5,+−(q
2, χ, θ`) = −L+T−T5, 0t = 2
√
q2β` cos θ`e
−iχ ,
L+T−T5,+t(q
2, χ, θ`) = ∓
√
2q2β` sin θ` e
−2iχ ,
L+T−T5,−t(q
2, χ, θ`) = ∓
√
2q2β` sin θ` ,
L−T−T5,±0(q
2, χ, θ`) = ±
√
2m`β`(1± cos θ`) e∓iχ ,
L−T−T5,+−(q
2, χ, θ`) = −L−T−T5, 0t = −2m`β` sin θ` ,
L−T−T5,±t(q
2, χ, θ`) = −
√
2m`β`(1± cos θ`) e∓iχ .
(66)
By setting χ → 0 (i.e. the x − z plane is defined by the lepton momentum) one ends up
with the expressions coinciding with those given in Refs. [41, 74].
B.2 Hadronic amplitudes
The general helicity amplitudes, in the operator basis (5), read:
HλMV (A), λ(q
2) = (gV (A) ± 1) η∗µ(λ) 〈M(λM)|cγµ(γ5)b|B〉 ,
HS(P ), λ(q
2) = gS(P ) 〈M(λM = 0)|c(γ5)b|B〉 ,
HλMT (T5), λλ′(q
2) = −HλMT, λ′λ(q2) = i gT (T5) η∗µ(λ)η∗ν(λ′) 〈M(λM)|cσµν(γ5)b|B〉 ,
(67)
which can be written explicitly for the B → D case as 4
h0(q
2) ≡ hV, 0(q2) = (gV + 1)
√
λBD(q2)
q2
f+(q
2) , (68a)
ht(q
2) ≡ hV, t(q2) = (gV + 1)m
2
B −m2D√
q2
f0(q
2) , (68b)
hS(q
2) ' gSm
2
B −m2D
mb −mc f0(q
2) , (68c)
4To avoid confusion and simplify notation, we denote the B → D amplitudes by h and omit the
super-index λD = 0.
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hT, 0t(q
2) = − gT
gT5
hT5,+−(q2) = −gT
√
λBD(q2)
mB +mD
fT (q
2) , (68d)
hA, λ(q
2) = hP (q
2) = hT,+−(q2) = hT5, 0t(q2) = 0 , (68e)
and for the B → D∗ case as
H±V,±(q
2) = ∓(gV + 1)
√
λBD∗(q2)
mB +mD∗
V (q2) , (69a)
H±A,±(q
2) = −(gA − 1)(mB +mD∗)A1(q2) , (69b)
H0(q
2) ≡ H0A, 0(q2) = (gA − 1)
8mBmD∗√
q2
A12(q
2) , (69c)
Ht(q
2) ≡ H0A, t(q2) = (gA − 1)
√
λBD∗(q2)
q2
A0(q
2) , (69d)
HP (q
2) ' −gP
√
λBD∗(q2)
mb +mc
A0(q
2) , (69e)
H±T,±0(q
2) = ∓ gT
gT5
H±T5,±t(q
2) = ±gTm
2
B −m2D∗√
q2
T2(q
2) , (69f)
H±T,±t(q
2) = ∓ gT
gT5
H±T5,±0(q
2) = ±gT
√
λBD∗(q2)
q2
T1(q
2) , (69g)
H0T,+−(q
2) = − gT
gT5
H0T5, 0t(q
2) = −gT 4mBmD∗
mB +mD∗
T23(q
2) , (69h)
H0V, 0(q
2) = H0V, t(q
2) = HS(q
2) = H0T, 0t(q
2) = H0T5,+−(q
2) = 0 , (69i)
where again λBM(q
2) = m4B + m
4
M + q
4 − 2(m2Bm2M + m2Bq2 + m2Mq2). In deriving the
expressions for the above amplitudes we used the decomposition of the hadronic matrix
elements in terms of form factors listed in Appendix A.
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B.3 D∗→Dpi amplitude
The D∗ → Dpi amplitude can be parametrized as
〈Dpi|D∗(λD∗)〉 = gD∗Dpi εµ(λD∗)pµD , (70)
where the coupling gD∗Dpi parameterizes the physical D
∗ → Dpi decay and can be de-
termined from the numerical simulations of QCD on the lattice or extracted from the
measured width of D∗+,
Γ(D∗ → Dpi) = C
24pim2D∗
g2D∗Dpi|pˆD|3 , (71)
where C = 1 if the outgoing pion is charged, and C = 1/2 if it is neutral, and pˆD is the D
three-momentum in the D∗ rest frame. It must be stressed that gD∗Dpi is m2Dpi-independent,
and the entire dependence of the amplitude (60) on m2Dpi is assumed to be described by
the Breit-Wigner function.
The amplitudes are computed in the D∗ reference frame, where the D, pi momenta are
in the x− z plane, and are given by
〈Dpi|D∗(±1)〉 =± 1√
2
gD∗Dpi|pˆD| sin θD ,
〈Dpi|D∗(0)〉 =− gD∗Dpi|pˆD| cos θD .
(72)
B.4 Relations between amplitudes
One can notice from Eqs. (64) and (65) that
Lλ`S−P =
√
q2
m`
Lλ`V−A, t . (73)
Therefore, in order to further simplify the expressions, one can absorb the hadronic S/P
amplitudes into the V/A time-like ones and redefine,
H˜
λM (=0)
V/A, t ≡ H0V/A, t +
√
q2
m`
HS/P . (74)
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Moreover, from Eqs. (64) and (66) it can be seen that
L+T−T5,±0 = ±
√
q2
m`
L+V−A,± ,
L+T−T5,+− = −L+T−T5, 0t =
√
q2
m`
L+V−A, 0 ,
L+T−T5,±t = −
√
q2
m`
L+V−A,± ,
L−T−T5,±0 = ±
m`√
q2
L−V−A,± ,
L−T−T5,+− = −L−T−T5, 0t =
m`√
q2
L−V−A, 0 ,
L−T−T5,±t = −
m`√
q2
L−V−A,± .
(75)
In this way, summing over the off-shell boson polarizations λ, λ′ and taking into account
the δλ factors in Eq. (58), one can write the general total amplitude as
MλM , λ` ∝−
∑
λ=±,0
(HλMV, λ +H
λM
A, λ)L
λ`
V−A, λ + (H˜
λM
V, t + H˜
λM
A, t)L
λ`
V−A, t
+ 2
∑
λ=±
[
(HλMT, λ0 +H
λM
T5, λ0)L
λ`
T−T5, λ0 − (HλMT, λt +HλMT5, λt)Lλ`T−T5, λt
]
+ 2(HλMT,+− +H
λM
T5,+−)L
λ`
T−T5,+− − 2(HλMT, 0t +HλMT5, 0t)Lλ`T−T5, 0t .
(76)
Using the relations (75) one can write it in a more compact form :
MλM , λ` ∝ −
∑
λ=±,0
H˜λM , λ`λ L
λ`
V−A, λ + H˜
λM
t L
λ`
V−A, t , (77)
where the redefined amplitudes are given as,
H˜λM ,+± ≡ HλMV,± +HλMA,± − 2
√
q2
m`
(
HλMT,±t ±HλMT,±0 +HλMT5,±t ±HλMT5,±0
)
,
H˜λM ,+0 ≡ HλMV, 0 +HλMA, 0 − 2
√
q2
m`
(
HλMT,+− +H
λM
T, 0t +H
λM
T5,+− +H
λM
T5, 0t
)
,
H˜λM ,−± ≡ HλMV,± +HλMA,± − 2
m`√
q2
(
HλMT,±t ±HλMT,±0 +HλMT5,±t ±HλMT5,±0
)
,
H˜λM ,−0 ≡ HλMV, 0 +HλMA, 0 − 2
m`√
q2
(
HλMT,+− +H
λM
T, 0t +H
λM
T5,+− +H
λM
T5, 0t
)
,
H˜λMt ≡ H˜λMV, t + H˜λMA, t .
(78)
Absorbing the scalar and tensor amplitudes into h˜ and H˜ allows to significantly simplify
the calculations and to write the expressions for the angular coefficients of the differential
30
decay rate in a much more compact way. To be more specific, we introduce the following
linear combinations :
h˜+0 (q
2) ≡ h0(q2)− 2
√
q2
m`
hT (q
2) ,
h˜−0 (q
2) ≡ h0(q2)− 2 m`√
q2
hT (q
2) ,
h˜t(q
2) ≡ ht(q2) +
√
q2
m2`
hS(q
2) ,
(79)
and
H˜+± (q
2) ≡ H±(q2)− 2
√
q2
m`
HT,±(q2) ,
H˜+0 (q
2) ≡ H0(q2)− 2
√
q2
m`
HT, 0(q
2) ,
H˜−± (q
2) ≡ H±(q2)− 2 m`√
q2
HT,±(q2) ,
H˜−0 (q
2) ≡ H0(q2)− 2 m`√
q2
HT, 0(q
2) ,
H˜t(q
2) ≡ Ht(q2) +
√
q2
m2`
HP (q
2) ,
(80)
with
hT (q
2) ≡ hT, 0t(q2) + hT5,+−(q2) ,
H±(q2) ≡ H±V,±(q2) +H±A,±(q2) ,
HT,±(q2) ≡ H±T,±t(q2)±H±T,±0(q2) +H±T5,±t(q2)±H±T5,±0(q2) ,
HT, 0(q
2) ≡ H0T,+−(q2) +H0T5, 0t(q2) .
(81)
To simplify and shorten the final expressions of angular observables, we omit the super-
index λM in h˜ and H˜.
Note that using the relations between various hadronic tensor amplitudes [Eqs. (68,69)],
the tensor contribution to h˜ and H˜ in Eqs. (79,80) vanishes if gT = gT5. This is reason-
able since the operator cσµν(1 + γ5)b `σ
µν(1 − γ5)ν identically vanishes due to the Fierz
transformations.
C Polarization vectors and spinors
In the B rest frame the four-momenta of B (p), D(∗) (k) and q are
pµ =

mB
0
0
0
 , kµ =

ED(∗)
0
0
|q|
 , qµ =

q0
0
0
−|q|
 . (82)
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The polarization vectors of D∗ (ε) and the virtual vector boson (η) are defined in the
B rest frame as in Ref. [74]:
εµ(±) = 1√
2

0
∓1
−i
0
 , εµ(0) = 1mD∗

|q|
0
0
ED∗
 , (83)
and
ηµ(±) = 1√
2

0
∓1
i
0
 , ηµ(0) = 1√q2

|q|
0
0
−q0
 , ηµ(t) = 1√q2

q0
0
0
−|q|
 , (84)
with
|q| =
√
λBD(∗)(q
2)
2mB
, q0 =
m2B −m2D(∗) + q2
2mB
, ED(∗) =
m2B +m
2
D(∗) − q2
2mB
. (85)
Other alternative parametrization can be found in the seminal paper [75], in which the
z-axis is also along D(∗) momentum. Note that in Ref. [75] all four-vectors are defined as
covariant, while in this work we define all vectors as contravariant.
The Dirac spinors, used in the leptonic helicity amplitudes (63) calculation, are defined
as [74]
u(λ = ±1/2) =
( √
E ∓ |p| ξ±√
E ± |p| ξ±
)
, v(λ = ±1/2) =
(
−√E ± |p| ξ∓√
E ∓ |p| ξ∓
)
, (86)
where the helicity eigenspinors
ξ+ =
(
cos θ
2
sin θ
2
eiφ
)
, ξ− =
( − sin θ
2
e−iφ
cos θ
2
)
, (87)
describe either particles of helicity ±1/2 respectively or antiparticles of helicity ∓1/2.
Since in this work we assume that neutrino is only left-handed, λν = 1/2. The ν spinor,
v(λν = 1/2), is defined by Eqs. (86),(87) with θν = pi − θ` and φν = φ` + pi. In our chosen
system of coordinates the leptonic azimuthal angle φ` ≡ χ.
D Four-body phase space
The four-body phase space can be reduced to the product of the two-body phase spaces:
dΦ4 =(2pi)
4
∫ 4∏
i=1
d3pi
(2pi)32Ei
δ
(
P −
4∑
j=1
pj
)
=
dm212
2pi
dm234
2pi
dΦ2(p12, p34) dΦ2(pˆ1, pˆ2) dΦ2(pˆ3, pˆ4) ,
(88)
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where m2ij = p
2
ij = (pi+pj)
2. The two-body phase space is given by the standard expression
dΦ2(pˆi, pˆj) =
1
16pi2
|pˆi|
mij
d cos θi dφi , (89)
with three-momentum pˆi defined in the ij rest frame.
Using Eq. (88) one can write the phase space for the B → D∗(→ Dpi)`ν` as,
dΦ4 =
1
64(2pi)8
dm2Dpidq
2 |pˆDpi|
mB
d cos θDpi dφDpi
|pˆD|
mDpi
d cos θD dφD
|pˆ`|√
q2
d cos θ` dφ` , (90)
where pˆDpi(= −q), pˆD, pˆ` and the corresponding angles are defined in the B, Dpi and `ν
rest frames respectively, namely,
|pˆDpi| =
√
λ(m2B,m
2
Dpi, q
2)
2mB
, |pˆD| =
√
λ(m2Dpi,m
2
D,m
2
pi)
2mDpi
, |pˆ`| = q
2 −m2`
2
√
q2
, (91)
where, as before, λ(a, b, c) = a2 + b2 + c2 − 2(ab+ ac+ bc).
Integrating over the polar and azimuthal angles of the D∗ momentum (θDpi, φDpi) and
over the azimuthal angle of the D momentum (φD), one obtains
dΦ4 =
1
64(2pi)6
|q|
mB
|pˆD|
mDpi
(
1− m
2
`
q2
)
dq2dm2Dpid cos θDd cos θ`dχ . (92)
Here we defined the angle φ` = χ with respect to the Dpi rest frame.
Similarly, one can obtain the three-body phase space for the B → D`ν decay :
dΦ3 =
dq2
2pi
dΦ2(pD, q) dΦ2(pˆ`, pˆν)→ 1
16(2pi)3
|q|
mB
(
1− m
2
`
q2
)
dq2 d cos θ` . (93)
E Fit results with NP couplings at best fit values
In here we show the fit results obtained following the same procedure as the one explained
in Sec. 3.1, but fixing for each scenario the NP coupling at the best fit value, which can
be found at Eqs. (45,46). Similarly to Tab. 2, these results have been obtained enforcing
the experimental results for R(D) and R(D∗) and allowing for NP effects in one coefficient
at a time. In particular, we show in Tab. 4 the results for the NP coefficients employed in
Eq. (5), while we report in Tab. 5 the results for the ones introduced in Eq. (6). Since all
the predicted observables behave in a Gaussian manner, we write for all of them the mean
values and the standard deviations.
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